Abstract -The properties of precipitates formed by spontaneous precipitation from electrolyte solutions are determined by the mechanisms and relative rates of precipitation processes (nucleation, crystal growth, aggregation, Ostwald ripening and phase transformation) . These again are determined by thermodynamic and kinetic factors and by specific chemical interactions at the solid/solution interface. The mechanism of nucleation determines the number of particles generated which influences the course of subsequent events. Thus, heterogeneous nucleation may be followed by a measurable period of crystal growth and subsequent aggregation and/or recrystallization. The number of nuclei and primary particles generated by homogeneous nucleation is larger by several orders of magnitude and consequently these particles enlarge primarily by aggregation, or else are stabilized by repulsion forces. Thus, hydrophobic precipitates form colloid dispersions, while hydrophilic precipitates tend to form highly hydrated, poorly crystalline precursors. Theoretical considerations point to the most important experimental parameters: the solution composition, the temperature and the reaction time. Stationary state experiments give information on 1 the influence of the solution composition on precipitate properties, 2) the prevailing heterogeneous and homogeneous equilibria at the solid/ solution boundary and 3) the critical supersaturation for homogeneous nucleation. Two types of kinetic curves are represented: those pertaining to precipitation (initiated by heterogenous nucleation) of a single phase are continuous and sigmoidal; the corresponding log rate v.s. log supersaturation curves may be interpreted in terms of the dominant precipitation processes. The formation and transformation, of a metastable phase is characterized by a two-step kinetic curve; the first step corresponds to the precipitation of the precursor, the second step shows secondary precipitation of the next more stable phase.
shape of precipitate particles. Finally some useful experimental approaches will be discussed.
THEORETICAL CONSIDERATIONS
Nucleation ' 2) The event by which a new phase is formed is called nucleation. It is usual to differentiate between homogeneous nucleation, i.e. the formation of three-dimensional nuclei from a homogeneous parent phase and heterogeneous nucleation, i.e. the growth of nuclei upon specific substrates or nonspecific impurity particles.
Homogeneous nucleation. In classical, thermodynamic nucleation theory the homogeneous nucleus is conceived as an aggregate of critical size which is in unstable equilibrium with its parent phase. It is assumed that macroscopic properties may be assigned to such a nucleus. The radius of the critical cluster, r* and the activation energy *j3, are given by r* = -2eS/L / kTlnS The rate of homogeneous nucleation, J, is regarded as the rate of addition of the postcritical ion to the critical nucleus. For stationary conditions J is given by J = (dN/dt)1/V = Ak exp ( * L G' /kT (4) where N is the number of nuclei produced per unit time t and unit volume V and Ak is a composite term which is generally taken as 'v lnserting eqn. (2 into (4 we obtain J = Akexp (-SS/L 2/ 3k3T3ln2S (5) Eqn. (5) shows the rate of homogeneous nucleation being an exponential function of the supersaturation.
It follows that J is negligible until a certain critical supersaturation, S' is reached, above which nucleation becomes extremely fast.
If the critical nucleation rate is assigned a value(usually 1 nucleus per sec. per unit volume, and eqn. (5) is rearranged, we obtain for the critical conditions 0S/L = (3 k3T3lnAkln2S* /161
1/3 (6) Thus, if S can be determined by experment, eqn . (6 may be used to obtain the interfadal energy, c5 s/L' of the nucleus/soluton interface. It is then also possble to calculate the crtkal radius and actiVation energy from eqns. (1) and (2) .
Heterogeneous nucleation. The energetics of heterogeneous (surface nucleation may be assesed by considering the interaction energies, EAA between ions or molecules of the adsorbent nd EAS between adsorbent and substrate ions or molecules respectively. The lattice parameters of the nucleating phase, 'A and the substrate, I must also be considered. If E,6A and E, are comparable and the distances 'A and I are reasonably close nucleation is said to be coherent (3) . Hence, the critical supersaturation and activation energy may be considerably lower than in homogeneous nucleation. In the ideal case, for large EAS no nucleation barrier would exist at all and epitaxial growth could proceed at any supersaturation.
Number and size of precipitate particles. The theories of heterogeneous and homogeneous nucleation imply some conclusions about the relation of the supersaturation and the number and size of precipitate part ides.
Since most precipitation reactions are carried out in the presence of impurities, precipitation will commence at supersaturations much lower than the critical supersaturation for homogeneous nucleation. With increasing supersaturation the number of particles stays constant or (in case of varying nucleating efficiency of the impurity particles) increases up to the maximum number of nucleating particles (N"106 -iO particles per cm3 or lower). As a consequence particle sizes either increase or slightly decrease with increasing supersaturation. When the critical supersaturation of homogeneous nucleation is exceeded an abrupt increase in the number of particles (by several orders of magnitude) and corresponding (sharp) decrease in their sizes is expected. This particle size maximum has been found in many experimental systems (Figs. 2 and 3 ).
Crystal growth
Crystal growth may be conceived as a succession of events: 1) transport of ions through the solution, 2) adsorption at the crystal/solution interface, 3) surface diffusion, 4) reactions at the interface (nucleation, dehydration) and 5) incorporation of the reaction products into the crystal lattice. The rate of crystal growth is controlled by the slowest of these processes and therefore much attention has been given the evaluation of kinetic experiments in terms of the rate controlling mechanism.
The rate of precipitation is a function of the available surface area and the supersaturation, i.e. doc/dt kiA(ct -c) (7 where A is the surface area and c and c are the solute concentrations at time t and at equilibrium respectively. The fraction of solute precipitated, OC, is given by
where c0 is the initial solute concentration and Vt and Vmax are the volumes of the precipitate at time t and at equilibrium.
For a sufficiently narrow (and constant) distribution of sizes and shapes of particles an average surface area, A, may be defined as
where /3 is a shape factor, N is the number of particles and k2 = 3 Va2/3 is constant for any given initial solute concentration. Inserting eqn. (9) into eqn. (7) we obtain for the rate of precipi- In order to explain crystal growth at extremely low supersaturations, the formation of growth spirals on the crystal surfaces was proposed (5).This screw dislocation controlled growth gives a parabolic dependence of the rate on the supersaturation at low, and a linear dependence at higher supersaturations (6).
At somewhat higher supersaturations crystal growth may be surface nucleation controlled. It was first proposed (7) that crystals are formed through a layer-by-layer mechanism, where each new layer originates in one surface nucleus. This mononuclear growth model has a particularly unfavorable energy requirement.
A number of recent crystal growth theories (4, 8, 9 ) are based on the polynuclear growth model. According to this model crystal growth is surface nucleation controlled, but the time of nucleation is shorter than the time needed to fill up a monolayer. Then new layers may start before the underlying layers are complete and the surface is at all times covered by surface nuclei, spreading themselves and intergrowing.
Quantitative kinetic treatments (8, 9 are based on the classical theory of heterogeneous nucleation and take into account surface migration of the ions to and their capture at the nucleating site. Lewis (8) proposed the following equation for the linear rate of polynuclear growth:
where S' is the supersaturation defined as F/F, the ratio between the actual and equilibrium incident fluxes respectively (S' r%s S for an electrolyte solution), F = F ( ç is a retardation factor) and (S' -1) F0 = R is the maximum rate above which growth is uninhibited by the polynuclear mechanism. C is a composite term which equals 1 in an order of magnitude approximation. The act ivation energy for two-dimensional nucleation, is given by = /3'2/4kTlnS' (13) where i3' is a term which inlcudes the edge energy of the two-dimensional nucleus.
Inserting eqn. (13) Thus, we can see that apart form the supersaturation the material parameters of the crystal (edge energy and diffusion distance) are responsible for its growth kinetics.
An alternative treatment by Nielsen (9) relates the linear rate of growth to the supersaturation and the crystal size. It is important to note that both mentioned treatments predict finite supersaturations at which a changeover in the rate controlling mechanism takes place.
At supersaturations above which polynuclear growth seizes to be rate controlling, transport through the solution becomes the rate controlling mechanism. This mechanism leads to the formation of dendritic crystals (2,9).
Aggregation and stabilization
The theory of rapid aggregation as given by von Smoluchovski (10) applies to originally monodisperse hydrosols when the movement of particles is due to Brownian motion and no repulsion forces are effective, i.e. each collision leads to permanent contact. Then a dispersion with originally N particles gregates, mos&c crystal, etc.'). An example for the formation of spheruUtk aggregates by this mechanism is shown in Fig. 1 Ostwald ripening. Any two -phase system consisting of a polydisperse precipitate in contact with its mother liquid will be thermodynamically unstable because of its large interfacial energy. A tendency then exists to minimize the excess free energy by coarsening of the particles. A thermodynamic treatment of this phenomenon is given by Kahlweit (14), who sees precipitation of a polydisperse system as a continuous race between the critical radius and the radius of the individual particle. Ostwald ripening has also been demonstrated by computer simulation techniques (15 and both approaches require the process to take place immediately after nucleation. This then is another process besides aggregation, which causes the number of particles to decrease in the initial stages of a precipitation experiment.
Formation and transfprmation of metastable phases. In a precipitation process in which the formation of several phases is possible, the Ostwald Lussac rule states that the least stable phase with the highest solubility will precipitate first. This is a kinetic phenomenon, i.e. the relative rates of nucleation and growth for the stable and metastable forms will determine which form separates first from solution (16). Considering now eqns. (1) and (5) we conceive that a the critical radius of the nucleating phase is proportional to its interfacial energy and b) the stationary nucleation rate
Thus the phase with lowest interfacial energy requires the smallest accretion of ions to form a thermodynamically stable nucleus and has the largest nucleation rate. Since the interfacial energy of a substance is inversely proportional to its solubility (17), clearly nucleation of the phase with highest solubility is kinetically favoured. LG =iG + LG + G (2fl ads.
coul.
sol. chem.
The latter term takes care of specific chemical interactions at the interface and cannot be always independently evaluated.
Morphology of precipitate particles.
The number, size and shape of precipitate particles are determined by the mechanisms and relative rates of all precipitation processes. The mechanism of nucleation is of overriding importance in determining the course of subsequent events.
Size and shape. If a relatively stable solid phase is nucleated upon impurity particles, nucleation is followed by a period of crystal growth and (possibly) subsequent aggregation. The size and shape of precipitate particles is then determined by the rate contrálling crystal growth mechanism, which depends on the supersaturation (8, 9). At low supersaturations we expect the formation of compact crystals (also needles or platelets if growth is anisotropic (8)) as a result of a polynuclear growth mechanism. At medium supersaturations dendrites may be formed by bulk diffusion controlled growth (9). The picture may be complicated by the formation and transformation of metastable precursors.
At high supersaturations where nucleaflon. s prevalently homogeneous, a drastic change in morphology occurs. Hydrophobk precipitates formcollod dspersions or coagulates, while hydrophilic precipitates tend to fomi highly hydrated, poorly crystallineprecursors, which undergo transfomiations into crystalline precipitates (33L Number of particles. The change in the number of particles with supersaturation has been predicted by nucleation theory. However, the number of particles observed after homogeneous nucleation may be significantly smaller than expected. For any experimental tool there exists a certain lower limit of particle sizes which may be detected. When particles were generated by homogeneous nucleation this size is reached primarily by aggregation. Thus the original number of particles may be larger by orders of magnitude than the number of particles actually counted (Fig. 1, and refs. 21, 23) . Ostwald ripening effects the number of particles in the same direction (14). Consequently, extreme caution should be utilized if evaluating particle counts of precipitates generated, by homogeneous nucleation. The boundary between the regions within which precipitates are generated by heterogeneous and prevalently homogeneous nucleation respectively (lines 2 and 3 in Fig. 3 in most precipitation diagrams appears as a discontinuity, which may he recognized by turbidimetry, morphological observations or other means. Such boundary may then be used to determine the critical supersatura1ion for homogeneous nucleation as an average value over a wide range of initial reactant concentrations (33), the procedure is shown in Fig. 3 . The appearance of a particle size maximum, preceding the onset of homogneous nucleation (crystallization maximum (34 in Fig. 3 ) is in accordance with the requirements of nucleation theory.
Kinetic studies
Kinetic studies show which of the precipitation processes are rate determining under a given set of experimental conditions and yield information on the rates and mechanisms of some of these processes.
The basis of a kinetic analysis is the progress curve, showing changes of the solute concentration or the omount of solid phase' formed as a function of time. Usually the interpretation of such curves requires several experimental techniques, a combination of solution analysis with techniques giving information on the properties of precipitates (particle number and size analysis, morphology and physicochemical characterization) is advantageous. A discussion of methods and techniques commonly used to obtain and interpret progress curves is given elsewhere (2, 36). are fulfilled, i.e. N '-s.' const. and A 2/3 Consequently p may be determined and interpreted in terms of any of the crystal growth theories. Subsequent deviation from linearity (section C) shows that in addition to crystal growth another process (dissolution/recrystallization or aggregation has become significant, causing the precipitation rate to decrease faster than expected from eqn. (11).
SUPERSATURATION
In order to diff4itiate between the two possibilities (recrystallization and aggregation) further analysis of section C is required. One criterion could be the dependence of the number of particles on time. The complex reacflon sequences which take part in such precipitation processes require detailed kinetic analyses of each time period, employing combinations of as many experimental techniques as possible.
An investigation of the formation and transformation of ACP particles by a combination of solution and
particle morphology and size analysis shows that 1 ACP spherules (Fig. la) are formed by prevailantly homogeneous nucleation and subsequent aggregation of primary particles, 2 such spherules grow by a surface controlled mechanism, '3 the next more stable phase is formed by heterogeneous nucleation upon the precursor particles. Details od this investigation will be given in another paper at this Conference (23).
CONCLUS IONS
Thermodynamic, kinetic and chemical aspects of precipitate formation have been considered. It is shown that the gross properties of precipitates are influenced by the number of nuclei initially generated (i.e. the mechanism of nucleation) because this property determines whether crystal growth or aggregation/stabilization will be dominant in the early stages of precipitation. Theoretical considerations point to the most important experimental parameters, which determine the properties of precipitates, i.e. the solution composition, the temperature and the reaction time. Stationary state experiments give information on: 1) the influence of the solution composition on the properties of precipitates,
2) the prevailing heterogeneous and homogeneous equilibria in the system and 3) the critical supersaturation for homogeneous nucelation, from which the interfacial energy and radius of the homogeneous nucleus can be calculated. Precipitation in a system with a reasonably narrow and constant distribution of sizes and shapes of particles is described by the general kinetic equation doc/ dt = KN13 2/3 (c -c) (1) where oC is the fraction of solute precipitated, N is the number of particles, c and c are solute concentrations at time t and at equilibrium and K and p are constants. A log rate v.s. log supersaturation plot interpreted in terms of eqn. (1) gives information on the precipitation processes, which are rate controlling within a certain time period. 
